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\^ Aims. We have studied the afterglow of the gamma-ray burst (GRB) of Febmary 18, 2006. This is a nearby long GRB, with a very low peak 
energy, and is therefore classified as an X-ray Flash (XRF). XRF060218 is clearly associated with a supernova - dubbed SN2006aj. 
Methods. We present early spectra for SN2006aj as well as optical lightcurves reaching out to 50 days past explosion. 

Results. Our optical lightcurves define the rise times, the lightcurve shapes and the absolute magnitudes in the U, V and R bands, and we 
I ■ compare these data with data for other relevant supernovae. SN 2006aj evolved quite fast, somewhat similarly to SN 2002ap, but not as fast 
O ' as SN 19941. Our spectra show the evolution of the supernova over the peak, when the L'-band portion of the spectrum rapidly fades due to 
^ extensive line blanketing. We compare to similar spectra of very energetic Type Ic supernovae. Our first spectra are earlier than spectra for any 
^2 other GRB-SN. The spectrum taken 12 days after burst in the rest frame is similar to somewhat later spectra of both SN 1998bw and SN2003dh, 
Y\ ' implying a rapid early evolution. This is consistent with the fast lightcurve. 

^ , From the narrow emission lines from the host galaxy we derive a redshift of z = 0.0331 ± 0.0007. This makes XRF 060218 the second closest 
gamma-ray burst detected. The flux of these emission lines indicate a high-excitation state, and a modest metallicity and star formation rate of 
the host galaxy. 
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1. INTRODUCTION 

The last few years have settled the debate about the ori- 
gin of long gamma-ray bursts ( GRBs). The h i nt pro vided by 
GRB 980425 and SN 1998bw dOalama et al.1 Il998h was fi- 
nally taken when the spectroscopic follow-up of the after- 
glow of GRB 030329 revealed the unambi guous signatures of 
a very energetic supernova - SN 2003dh (iHiorth et all l2003t 



* This paper is based on observations from the ESO/Danish 1.5- 
m telescope at the La Silla Observatory and on observations made 
with the Nordic Optical Telescope, operated on the island of La Palma 
jointly by Denmark, Finland, Iceland, Norway, and Sweden, in the 
Spanish Observatorio del Roque de los Muchachos of the Instituto de 
Astrofisica de Canarias. 



iMatheson et'all '2003':'Stane k et allliool . Soon thereafter, an- 
other clear-cut SN 19 98bw look-ahke emerged in the af t erglow 
of GRB 031203 jMalesani et all 120 04: Thomsen et all l2004 . 
While the Swift satelUte jGehrels et aU i200 4i has been very 
successful in finding G RBs over a large redshift range (e.g., 
Ijakobsson et all l2006l) . the wait for the next spectacular case 
of a nearby GRB-supernova has lasted more than two years. 

1.1. GRB 06021 8 

GRB 060218 was detected by the BAT instrument on-board 
the Swift satellite dCusumano et alll200^ on February 18.149 
2006 UT. This bur s t had exceptional high-energy proper- 
ties aCampana et all l2006l) . The peak energy of the event 
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(Sect I4.2.3t was very low and we will hereafter refer to this 
burst as an X-ray flash. XRF060218 is one of the longest 
bursts ever detected, and the unusual properties gave a very 
confused early impression. Several GCNs indicated that this 
was probably not a proper GRB, and our optical monitor- 
ing programme was therefore somewhat delayed. However, 
eventual ly this turned out to be a very interesting low-z event 
( Miraba l et alJ 
liMasetti et all 



2006 ) with a likely association to a supernova 



mia ISoderberg et all bOOfibV The transient 



has n ow been detected oy er a wide wavelength range, from X- 
rays dKennea et alll2006l) to radio (l^derberg et al., 2006a). 

In this paper we focus on the optical transient, and the early 
spectral and photometric evolution of this supernova (SN). The 
paper is organized as follows. Sect. |2]outlines how the optical 
observations were obtained and reduced. The results are pre- 
sented in Sect.|3] which includes U -, V- and /?-band lightcurves 
as well as spectra of the SN, and an analysis of the host galaxy. 
We end the paper with a discussion (Sect.0} where we compare 
the properties of this SN with other relevant SNe. 

2. OBSERVATIONS 

2.1. Photometry 

The observations for XRF 0602 18 were somewhat complicated 
and hampered by the celestial position of the burst. Being close 
to the Sun it could only be observed for a short time right after 
sunset. We have used the combined efforts of two telescopes, 
at a northern and a southern observatory, to follow the object 
until it faded into the glare of the Sun, about 50 days past the 
burst. For the final observations we had to restrict ourselves 
to a single passband (R) due to the limited time available for 
observations in the twillight. 

We obtained imaging of the transient of XRF 0602 1 8 with 
the ESO/Danish 1.5 m telescope (D1.5m) on La Silla equipped 
with the DFOSC instrument, which offers a 13.7 x 13.7 ar- 
cminute field-of-view (FOV) at 0.395 arcsec per pixel. We also 
used the 2.56 m Nordic Optical Telescope (NOT) on La Palma 
equipped with ALFOSC which offers a FOV of 6.3 x 6.3 ar- 
cminutes with a pixel scale of 0.189 arcsec, as well as StanCam 
which has a pixel scale of 0. 176 arcsec over 3x3 arcminutes. 

The journal of observations is given in Table [2 The data 
were reduced using standard techniques for de-biasing and flat- 
fielding. 

2.2. Spectroscopy 

Spectra of the source were obtained with ALFOSC at four 
epochs, February 21, 22 and 24 and on March 2. These epochs 
correspond to 3.78, 4.71, 6.71 and 12.71 days past the burst. 
Each spectrum had an integration time of 2400 seconds us- 
ing grism 4 and a 1.3 arcsec wide slit. This set-up provided 
a dispersion of 3 A per pixel. The spectral range covered is 
from 3300 to 9200 A. There is some second order contamina- 
tion above 6600 A, and significant fringing above ~ 7500 A. 
The spectra were taken at or close to the parallactic angle. We 
note that apart from the first spectrum, taken at an airmass 
of 1.93, all spectra were achieved at an airmass < 1.5. The 



NOT/ ALFOSC has a high efficiency in the UV, so we put em- 
phasis on obtaining the bluest part of the spectrum. 

The spectra were reduced following standard procedures 
in MIDAS and IRAF. Wavelength calibration was achieved by 
comparison to images taken of helium and neon lamps. The 
flux calibration was performed tising th e spectrophotometric 
standard star GD7 1 jBohlin et all 1 19951) . which was observed 
every night close in time to the supernova observation. Finally, 
the absolute flux-calibration was achieved by comparison to the 
contemporary (or interpolated) V-band photometry. 

When comparing to synthetic photometry obtained by in- 
tegrating each spectrum under the filter profiles, we discov- 
ered that some of the spectra have suffered from differential 
slit losses. This has been considered in the analysis below. 

3. RESULTS 

3.1. The Lightcurves 

Aperture photometry of the transient was carried out using 
a combination of DAOPHOT ('Stetson, '1987*) and SExtractor 
jBertin & Arnouts. 1996) . We measured the magnitudes of the 
supernova as well as for 9 stars in the field in the V and R bands 
(7 local standards in the U band). The relative magnitudes were 
transformed to the stan dard system usin g observations of pho- 
tometric standard stars llT,andoltlfl992l) . We estimate an abso- 
lute photometric accuracy of 0.08, 0.06 and 0.04 mags in the 
U, V and R bands, respectively. 

In Fig.n]we plot the U-, V- and/?-band hghtcurves. This is 
the data from Tabled The dates are given with respect to the 
time of the burst in the observers frame. We have not plotted 
the data with errors larger than 0. 15 mag, if there are more ac- 
curate data from the same night. The R- and V-band lightcurves 
are followed from well before peak and are traced to way past 
maximum. 

In Fig.^we have applied no corrections to subtract the host 
galaxy (estimated at R - 19.9, see Sect. 13. 3t . This can be an 
important contribution, ~ 0.1 mag at maximum light, and is 
considered in the following analysis. Also, we have made no K- 
corrections for the magnitudes given in Tableland plotted in 
Fig. [2 At the early epochs where we have spectra, we estimate 
this correction to be ~ 0.04 mag in the V band, and 0.1 1 mag 
in the R band. The final spectrum is taken closest in time to the 
maximum light in these bands, and indicate K-corrections of 
~ 0.02 mag in the V band, and 0.15 mag in R. 

To estimate the time of maximum, peak brightness and the 
lightcurve shape as described by Amis (the number of mag- 
nitudes the supernova decayed in the 15 days following max- 
imum brightness) we ha ve fitted the l ightcurves with smooth 
functions (see Stritzing er et al 1 l2006l) . We estimate the rise 
times of t(V) - 10.4 + 0.5 days past burst and t(R) - 1 1 .4 + 0.5 
days. We further estimate Ami5(y) - 0.92 and Ami5(/?) - 
0.7 1 mag from the observed data. When correcting for the un- 
derlying emission from the host galaxy (Sect. I3.3.2> . as well 
as for time dilation, the corrected numbers are Ami5(y) = 
1.1 + 0.1 and AmisiR) = 0.90 + 0.1 mag. 

The peak magnitudes are estimated to be m(y)=17.47 + 
0.05 and m(7?)=17.22 + 0.05 mag. To determine the absolute 
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magnitudes we need estimates of the distance and extinction. 
The redshift of this burst is z = 0.0331 (Mirabal et al., 2006, 
see also Sect. 13.21 ), and assuming a cosmology where //q = 
70kms"' Mpc"', = 0.7 and = 0.3, this corresponds to 
a luminosity distance of 145.4 Mpc. 

The reddening associated with Gala ctic extinction is E(B - 
y)=0.14 mag according to the maps bv'Schle gel et alJ ( Il998l) . 
High-resolution spectra (Guentheret al., 2006) can be used to 
check thi s. Using the sodium line s to estimate the reddening 
(see e.g.. iMunari & Zwitted. [19971) provides E(B - y)=0.127 
for the Milky Way, and E(B - y)=0.042 mag for the GRB 
host. This is consistent with adopti ng a total red dening of 
E(B - y)=0.14 mag. We note that Campana et alJ (Ii2006) re- 
quired E(B-y)host - 0.20 mag based on the assumption of ther- 
m al radiation detected by UVOT. This is higher than claimed 
bv lGuenther et al.1 (l2006 l). It is known that the Na I D lines do 
not provide a robust measure of the extinction, and could be 
influenced by e . g., the io nization state in the host (see e.g., 
ISoUerman et al.l 12005 albl) . However, the overall properties of 
flie host galaxy based on the spectral energy distribution (SED) 
modeling (Sect. 13.3. 1> . as well as the measured Balmer line 
decrement (Sect. 13.3.21 see also Plan et all l2006l) . also argue 
for a low host extinction. In the following we will therefore 
adopt a total extinction of E(B - y) = 0. 14 mag. 

The absolute magnitudes of the SN are then M(V) - -18.8 
and M(R) - -18.9 mag. Finally, correcting these estimates 
for host contamination (V,R - 0.09,0.10) and K-corrections 
(V,R = 0.02,0.15) our best estimates are M(V) = -18.7 and 
M(R) - -18.7 mag. These are the magnitudes adopted for 
comparison to other SNe, and are given in Table|3 



3.1.1. The ?7-band lightcurve 

Lightcurves for Type Ic SNe are relatively rare in the U band. 
For SN2006aj, we started our t/-band imaging campaign 5 
days past the burst. At this epoch, the U band was already 
close to maximum light. We then followed the evolution of the 
t/-band flux until 25 days past the burst, after which the su- 
pernova became to faint (also compared to the host) to allow 
further monitoring. 

Given the sparse pre-maximum coverage, the estimates 
are somewhat more uncertain in the U band. We estimate 
t{U) = 6.8 + 1.0 days. The estimate of the corrected light 
curve shape is rather uncertain, due to the large correction for 
host contamination on the akeady steep lightcurve. We esti- 
mate Amig(f/) - 2.0 + 0.2. The peak brightness is m(U) = 
17.60 + 0.10 mag, which converts to an absolute t/-band mag- 
nitude of M(U) = -18.9 in the Vega magnitude system. 

The K-corrections are most uncertain in the U band, and 
could also be significant in particular for the latest epochs 
where the spectrum falls very steeply in that region. At around 
t/-band maximum light, we estimate a K-correction of ~ 
-0.15 mag. Applying this K-correction, and a correction for 
the host galaxy (0.08 mag) we therefore estimate the final ab- 
solute magnitude M(f/) = -18.9. 

We summarize all corrected lightcurve parameters in 
Table |3] In this table, the rise times are corrected for time di- 



lation, as are the light curve shapes which are also corrected 
for the underlying host galaxy. The absolute magnitudes are 
corrected for extinction, host galaxy contamination and are K- 
corrected. 

3.2. The Spectral Evolution 

The flux-calibrated spectra are shown in Fig.|3 The continuum- 
like spectrum with broad bumps renders a classification of this 
burst as a Type Ic supernova, based on the lack of conspicuous 
SN lines (e.g., Patat et al., 2001). 

The spectral evolution is well represented, the most obvious 
development being the depression of the UV flux with time. 
Some of the depression seen in our final spectrum may be at- 
tributed to differential slit losses, but the overall evolution of 
the spectra are correct, as can be seen from the comparison to 
the broad band light curves. In fact, the UV depression is a 
common feature of SNe and reflects the increased line blanket- 
ing due to low ionization iron group elements. As seen from 
the lightcurve, the U band actually peaked close to the date of 
our third spectrum, so we see the rise of the U band up to that 
epoch in the spectral evolution, followed by a rapid decline to 
the final spectrum. 

Our latest spectrum, taken 12.3 days past burst in the 
rest frame, shows a dramatic evolution of the flux towards 
the red part of the spectrum. The broad red bumps are com- 
mon features of so-called hypernovae and signal huge expan- 
sion velocities of the ejecta. Interpreting the inflection point at 
~ 6080 A as the Si II 6355 A feature seen in other GRB-SNe 
dPatat et al.[l200lUHiorfli et allEooi) . we can estimate an ex- 
pansion velocity of ~ 22 000km s"'. At 12 days past burst, this 
is similar to the expansion velocities measured in SN 1998bw 
and SN 2003dh. However, since this feature is quite loosely de- 
fined, this estimate can only be approximate. 

From the multitude of narrow emission lines from the host 
galaxy we can also measure the redshift to the supernova. The 
positions and fluxes of a number of detected narrow lines are 
given in Tabled We derived the redshift by measuring the po- 
sitions of the [O II] line, the [O III] lines as well as Ha and H/3 
at all 4 epochs, and conclude z = 0.0331 + 0.0007. 

The fluxes of the lines were measured by Gaussian fits, us- 
ing both IDL and IRAF splot. We use these below to estimate 
the star formation rate and the metallicity. We note that the val- 
ues given in Tableware averages for the four spectra corrected 
for E{B - y) = 0. 14 mag. Apart from the stronger lines listed in 
Tabled we also detect [Ne III] /i3869, which signals the pres- 
ence of ionizing radiation. This line is about 3 times weaker 
than H/3, although the uncertainty in such a weak line is ~ 50% 
in our spectra. The stronger lines have uncertainties of < 20%. 

3.3. The Host Galaxy 
3.3.1. Modeling the SED 

The ugriz-hand SDSS pre-imaging of the field dCool et all 
Eo06i) allowed us to construct the optical spectral energy distri- 
bution of the host galaxy. However, it was noted ('Hicken e t all 
i2006; .Modiaz et al.. .20061) that the absolute calibration of 
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this field was not coirect. To coiTect the SP SS mod el mag- 
nitudes we used field star photometry ( Hick en et all 11306), 
wh ich was tra nsformed from Landolt to the SDSS-system us- 
ing |jeste^^Lj (.2005.) . Corrected host magnitudes were then 
deduced from the off'sets between the SDSS model magnitudes 
and the transformed values, giving: u = 21.24 + 0.15,^ = 
20.29+0.04, r= 20.16+0.03,!= 19.96+0.04, z = 19.80+0.13. 
We then used the best fit SED (see below) to transform these 
magnitudes back to Landolt photometry: U - 20.45 + 0.15, B = 
20.46 + 0.07, y = 20.19 + 0.04,/?= 19.86 + 0.03,7= 19.47 + 
0.06 mag. These are the host galaxy magnitudes used to correct 
the light curve parameters in Sect. 13. II 

The ugriz host galaxy photometric points were then de- 
reddened by the Galactic extinction following Schlegel et al. 
lll998l) and then fitted based o n the SDSS filter+CCD efliciency 
curves fruk ugita et all 1 1996) and using the synthetic SED 
temp lates constructed with the HyperZ code (Bolzonella et al., 

For the construction of the synthetic templates three initial 
mass f unctions ( IMFs) were used ( Scalo, 1986; Miller & Scalo, 
Il979t ISabeteil Il95a). We also used fo ur diflrerent extinc- 
tion laws: MW ("Seaton', ' l979l) . LMC jpitzpatrickl Il986l) . 
SMC JPre vot et al., 1984) and one for starburst galaxies 
dCalzettietall bOOOt) . Solar metallicity was assumed for all 
the templates. The redshift of the templates was fixed at 
z = 0.0331. In addition, a wide range of star-formation his- 
tories were considered (see more details on the t parameter in 
iGorosabel et allE005h . creating different families of templates: 
Elliptical, Starburst, Lenticular, Irregular and Spiral galaxies. 

The ugriz-hand photometric points were satisfactorily fitted 
by the SED templates OrLf ~ Fig-E)- Our SED fits 

did not favour any IMF, extinction law or galaxy type. This 
means that the inferred host galaxy extinction is independent 
on the input model, and is stable at around Ay = 0.1- 0.3 mag. 
This is why we were favoring a low host galaxy extinction in 
Sect.lTTl 



3.3.2. Host galaxy properties 

The host magnitude of B = 20.46 mag, and the Galactic extinc- 
tion of E{B - V) = 0.14 gives an absolute magnitude for the 
host of M{B) - -15.9 mag at the measured redshift. Adopting 
= -21.1 this con-esponds to L = 0.008L^. 

From the Ha and [O II] lines we can estimate the star 
formation rate (SFR). Fro m both these li nes we get SFR ~ 
0.05 Mo yr following IKennicutll lll998l) . This is of course 
only measured from the part of the galaxy that falls on the 
spectroscopic slit. The specific star formation rate for the host 
galaxy of XRF 060218 is thus ~6 Mq yr-\L/L*)-\ 

Finally, we can estimate the metallicity of the galaxy us- 
ing the R23 technique. From the results presented in Table |2l 
we derive a log(R23) = 0.8 - 0.9. This indicates a some- 
what sub-solar metallicity, although the exact value can not 
be determined from th is ratio alone (see e.g.. Fig. 5 by 
iKewlev & DopitaL 120021) . 

The luminosity and star formation rate thus indicates a 
small but fairly normal dwarf galaxy, similar to other nearby 



GRB host galaxies dSollerman et all l2005tl) . The low metal- 
licity is also similar to that of other GRB host galaxies. 

4. DISCUSSION 

4.1. The supernova spectral evolution 

The spectral evolution reveals a rapidly evolving Type Ic su- 
pernova with very broad lines. Very few Type Ic spectra exist 
for such early epochs. Our first spectrum was obtained 3.7 days 
past the burst. The first spectrum for SN 1998bw was not ob- 
tained until after a week, and for SN 2003dh the emission was 
still dominated by the afterglow at this epoch. Therefore, it is 
difficult to make any one-to-one comparisons of the apparent 
bumps in the se spectra with those of other similar SNe (see 
e.g.. Fig. 1 in ' Mazzali et all 12002*). 

In Fig. |4] we have re-plotted our latest spectrum of 
SN2006aj from March 2. This is 12.3 days past burst in the 
SN rest frame. We have also plotted spectra for SN 1998bw 
(Pjtat_elal., 2001) and SN2003dh (Hjorthet al., 2003). These 
spectra are very similar to the one for SN 2006aj, but are taken 
at a later epoch. SN 2006aj thus displays a fast spectral evolu- 
tion. This agrees with the narrow hghtcurve. 

4.2. The Supernova Lightcurves 

From the lightcurves, as well as from the spectral evolution, 
we can see that the emission is dominated by the supernova 
rather than by the afterglow from very early on. This is similar 
to SN 1998bw, where no optical afterglow was ever detected, 
but very different from SN 2003dh which was dominated by 
the afterglow for more than a week before it emerged. 

4.2.1 . The peak magnitude 

The peak magnitudes we have estimated show that SN 2006aj 
was a fairly no r mal T ype Ic supernova in that respect 
jRichardson et all l2006l) . In particular, it was not as bright 
as SN1998bw or SN2003dh. SN 19 98bw e jected 0.35 -- 
0.50 Mr, of radioactiv e ^^Ni (see e.g., ISoUerman etaP. I2OOOI: 
IWooslev et all Il999 t). That SN2006aj was only ~ 50% as 
luminous as SN 1998bw thus means that SN2006aj ejected 
~ 0.22 ± 0.06 Mo of radioactive ^''Ni. This is still more than 
seen in other broad-line supernovae, such as SNe 1997ef and 
2002ap. We note that the assumption that the peak magnitude 
scales with the nickel mass may not b e valid for very asymmet- 
ric explosions faoeflich et allll99^ . GRBs are expected to be 
asymmetric, although they should all be pointed within a few 
degrees to our line of sight. 

4.2.2. Tine liglit curve sliape 

The shape of the Hghtcurve is also of interest. For SN 2006aj 
we have summarized the properties in Table|3] For comparison, 
the Type Ic SN 19941 displayed Ami5(f/) ~ 2.5 and Ami5(y) ~ 
1.7 mag. The peak magnitude for SN 19941 was reached after 
~ 8 days in U, and after 10 days in the V band (.Richmond et all 
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Il996l) . The rise time is, however, very uncertain for SN 19941; 
since the exact epoch of the explosion was not observed. 

For SN 1998bw. lFvnbo etaP j2004 estimated Ami5(;7) ~ 
1.3 and Ami5(y) ~ 0.7 mag. The peak magnitude was 
reac hed after 13. 5 da ys in U, and after 17 days in the V band 
jOalama et all Il998l) . This is clearly slower than observed 
for SN2006aj. Finally, SN2002ap reached {/-band maximum 
at about 6.2 days (Foley etal., 2003; Gal-Yam et al., 2002; 
IPandev et al.[ i2003i) . This lightcurve seems to be most simi- 
lar to SN2006aj in this respect. In Fig. [S] we compare the light 
curves of SN2006aj with those for SNe 19941, 1998bw and 
2002ap. Note that in this figure we have corrected the light 
curves for time dilation (for SNe2006aj and 1998bw) and also 
corrected SN 2006aj for the underlying host galaxy. This cor- 
rection is quite substantial, in particular at late stages (compare 
Fig-D- The comparison in Fig.|5ldemonstrates that SN2006aj 
is in fact a fast version of SN 2002ap. 

Another important aspect of GRB-SNe is clearly the pos- 
sibility to relate the supernova shock-wave breakout with the 
exact time of the explosion. CTampana et al. (2006) used the 
UVOT instrument onboard Swift to follow the UV lightcurves 
from the early shock break-out to the following peak due 
to radioactive heating (the latter being the optical peak we 
are probing in this paper). Such a shock break-out was also 
seen in SN 1999ex ('Stritzinger e t al.[l2002l ) and in SN 1998bw 
CGalama et al., 1998). For SN 1999ex, the time of shock break- 
out could be estim ated, and the rise time in the V band was 
tiV) = 17.6 days JStritzinger etall 12002 '). SN2006aj has a 
substantially faster lightcurve, which is related to the faster ex- 
pansion velocities, and possibly also to a lower ejecta mass. 

4.2.3. X-ray Flash 060218 

We note that GRB 0602 1 8 w as a very soft bu r st, and thus qual- 
ifies as an (unusual) XRF. ICampana et al.l ll2006l) estimated 
Epeak - 4.9;^" 3 keV, at the very end of the observed distribu- 
tion of peak energies. While the case for an association between 
long GRBs and SNe has been established (see Sect.Q, the case 
is more unclear for XRFs. 

XRF 030723 showed a very conspicuous light curve bump 
at ~ 16 days past burst, suggesting the presence of a fast 
rising supernova (Fvnboetal., 2004). In fact, doubts were 
raised against this interpretation since the required supernova 
light curve was very fast and narrow. The very fast [/-band 
lightcurve of SN 2006aj may be taken as support for the hy- 
pothesis of a SN in XRF 030723. At a cosmological redshift 
of < 1 the R-hwA light curve bump would correspond to rest 
frame U, as also noted by Fynbo et al. (2004). 

M ore recently, XRF 0508 24 showed a less conspicuous 
bump (Sollerman et al.', '200^. Moreover, XRF 020903 has a 
lightcurve and spectrum consiste nt with a supernova at z = 0.21 
jSoderberg et allE'005HBersier'e t al., 2006). These findings all 
argue for a common progenitor for GRBs and XRFs. The situa- 
tion appeared less clear as other XRFs with late-time coverage 
did not show clear evid ence for a bright supernova bump (e.g., 
ISoderberg e.VsA[ 12005*). However, with XRF 0602 18 the case 
for a supernova origin for such bursts is obvious. 



Among the many remaining questions are the lack of 
conspicuous afterglow emission. Compared to GRB 030329, 
the supernova emerged much faster from the afterglow for 
XRF 0602 18. It is interesting to note that there was also 
no conspicuous afterglow in SN 1998bw. For SN20031w 
(GRB 03 1203) th ere were claims of a very faint and fast de- 
caying afterglow jMalesani et alll2004l). These bur sts also had 
low values of Ep^A. an d in factlwatson et all (l2004|) considered 
031203 to be an XRF. iRamirez-Ruiz et a'lT ('200.5) considered 
an off-axis model for XRF 03 1203 in which this was really a 
normal GRB although viewed from an angle of about twice the 
opening angle. 

From Fig. |6l we see that it may be difficult to recon- 
cile these diverse observations by a simple geometric sce- 
nario. In this four-field diagram we have divided bursts into 
XRFs and GRBs. We have also divided them according to 
the dominating component in the optical lightcurve; super- 
nova or afterglow. We have indicated the spectroscopically 
confirmed SN-GRBs. The upper left corner is represented by 
GRB 030329 where SN2003dh was not apparent until after a 
week. XRF 020903 was dominated by an afterglow until the 
late supernova bump, and occupies the upper right field. The 
same applies to XRF 030723. The lower left box is represented 
by SN1998bw and GRB 980425, although the peak energy 
was not very high. Finally, XRF 0602 18 now fills in the lower 
right field in this diagram. It has a very low Epeak and shows 
supernova signa tures already from the v ery early pho tometry 
JCampana et aU.2006) and spectroscopy jModiaz et aL.2006; 
Mira bal et alll200d and this work Fig.|2|l. 

A one-parameter explanation such as an on- vs. off-axis 
picture would have problem to explain all the combinations in 
Fig- El It seems that (SN)-XRFs can come both with and with- 
out a conspicious afterglow, and the afterglow can moreover 
behave quite differently (flat early lightcurve in XRF 030723 
vs. constant decay in XRF 050824). A larger sample of SN- 
GRBs will be needed to unveil whether we observe different 
cla sses of objec ts, or simply a continuum of burst properties. 

iThomseriet al. (2004) actually predicted Swift to detect a 
significant population of faint bursts and hence allow the study 
of core-collapse SNe at much earlier times than had been previ- 
ously possible, and indicated that this would have a substantial 
impact on SN research. The discovery of the first nearby Swift 
GRB-SN substantiates this prediction. 
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Date 


At 


Pass band 


Exptime 


Magnitude 


Magnitude Error 


Telescope 


(UT) 


(days) 




(s) 








Feb 23.932 


5.783 


U 


900 


17.74 


0.06 


NOT 


Feb 24.006 


5.857 


U 


120 


17.43 


0.30 


D1.5m 


Feb 24.009 


5.860 


U 


200 


17.33 


0.16 


D1.5m 


Feb 24.012 


5.863 


U 


200 


17.55 


0.07 


D1.5m 


Feb 24.016 


5.867 


U 


200 


17.61 


0.06 


D1.5m 


Feb 24.022 


5.873 


U 


600 


17.66 


0.04 


D1.5m 


Feb 24.030 


5.881 


U 


600 


17.60 


0.04 


D1.5m 


Feb 24.898 


6.749 


U 


300 


17.69 


0.10 


NOT 


Feb 25.009 


6.860 


U 


200 


17.62 


0.09 


D1.5m 


Feb 25.014 


6.865 


U 


400 


17.67 


0.06 


D1.5m 


Feb 25.021 


6.872 


U 


600 


17.64 


0.04 


D1.5m 


Feb 25.029 


6.880 


U 


600 


17.63 


0.05 


D1.5m 


Feb 26.006 


7.857 


U 


200 


17.65 


0.24 


D1.5m 


Feb 26.011 


7.862 


U 


200 


17.51 


0.12 


D1.5m 


Feb 26.016 


7.867 


u 


600 


17.66 


0.03 


D1.5m 


Feb 26.024 


7.875 


u 


600 


17.71 


0.03 


D1.5m 


Feb 27.008 


8.859 


u 


200 


17.35 


0.17 


D1.5m 


Feb 27.011 


8.862 


u 


200 


17.61 


0.10 


D1.5m 


Feb 27.017 


8.868 


u 


600 


17.69 


0.05 


D1.5m 


Feb 27.025 


8.876 


u 


600 


17.72 


0.05 


D1.5m 


Feb 28.007 


9.858 


u 


200 


17.57 


0.16 


D1.5m 


Feb 28.010 


9.861 


u 


200 


17.79 


0.10 


D1.5m 


Feb 28.016 


9.867 


u 


600 


17.77 


0.08 


D1.5m 


Feb 28.024 


9.875 


u 


600 


17.87 


0.04 


D1.5m 


Mar 1.012 


10.863 


u 


600 


17.85 


0.10 


D1.5m 


Mar 2.003 


11.854 


u 


200 


18.48 


0.24 


D1.5m 


Mar 2.007 


11.858 


u 


200 


18.16 


0.25 


D1.5m 


Mar 2.012 


11.863 


u 


600 


18.04 


0.08 


D1.5m 


Mar 2.914 


12.765 


u 


300 


18.00 


0.14 


NOT 


Mar 3.003 


12.854 


u 


200 


18.06 


0.18 


D1.5m 


Mar 3.009 


12.860 


u 


600 


18.19 


0.10 


D1.5m 


Mar 4.005 


13.856 


u 


200 


18.01 


0.15 


D1.5m 


Mar 4.010 


13.861 


u 


600 


18.45 


0.08 


D1.5m 


Mar 5.005 


14.856 


u 


200 


18.31 


0.18 


D1.5m 


Mar 5.011 


14.862 


u 


600 


18.46 


0.12 


D1.5m 


Mar 6.006 


15.857 


u 


200 


18.57 


0.20 


D1.5m 


Mar 6.012 


15.863 


u 


600 


18.48 


0.13 


D1.5m 


Mar 6.851 


16.702 


u 


900 


18.79 


0.17 


NOT 


Mar 7.854 


17.705 


u 


900 


18.89 


0.15 


NOT 


Mar 8.866 


18.717 


u 


900 


18.79 


0.16 


NOT 


Mar 10.878 


20.729 


u 


1500 


19.16 


0.20 


NOT 


Mar 14.864 


24.715 


u 


2400 


19.55 


0.15 


NOT 


Feb 21.013 


2.864 


V 


120 


18.22 


0.05 


D1.5m 


Feb 21.015 


2.866 


V 


120 


18.16 


0.08 


D1.5m 


Feb 21.017 


2.868 


V 


120 


18.21 


0.03 


D1.5m 


Feb 21.034 


2.885 


V 


300 


18.21 


0.03 


D1.5m 


Feb 21.051 


2.902 


V 


600 


18.17 


0.03 


D1.5m 


Feb 22.020 


3.871 


V 


120 


18.01 


0.03 


D1.5m 


Feb 22.022 


3.873 


V 


120 


18.02 


0.05 


D1.5m 


Feb 22.040 


3.891 


V 


300 


18.01 


0.03 


D1.5m 


Feb 22.045 


3.896 


V 


300 


18.00 


0.03 


D1.5m 


Feb 22.049 


3.900 


V 


300 


18.03 


0.03 


D1.5m 


Feb 23.027 


4.878 


V 


300 


17.84 


0.05 


D1.5m 
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Date 


At 


Pass band 


Exptime 


Magnitude 


Magnitude Error 


Telescope 


(UT) 


(days) 




(s) 




(IfT) 




Feb 23.031 


4.882 


V 


300 


17.87 


0.02 


D1.5m 


Feb 23.046 


4.897 


V 


300 


17.84 


0.03 


D1.5m 


Feb 23.050 


4.901 


V 


300 


17.85 


0.04 


D1.5m 


Feb 24.041 


5.892 


V 


300 


17.71 


0.04 


D1.5m 


Feb 25.041 


6.892 


V 


300 


17.61 


0.03 


D1.5m 


Feb 26.031 


7.882 


V 


300 


17.53 


0.03 


D1.5m 


Feb 27.032 


8.883 


V 


300 


17.50 


0.04 


D1.5m 


Feb 28.031 


9.882 


V 


300 


17.49 


0.04 


D1.5m 


Mar 1.018 


10.869 


V 


200 


17.50 


0.08 


D1.5m 


Mar 2.019 


11.870 


V 


200 


17.50 


0.03 


D1.5m 


Mar 2.924 


12.775 


V 


300 


17.52 


0.04 


NOT 


Mar 3.016 


12.867 


V 


200 


17.54 


0.05 


D1.5m 


Mar 4.017 


13.868 


V 


200 


17.61 


0.03 


D1.5m 


Mar 5.018 


14.869 


V 


200 


17.62 


0.15 


D1.5m 


Mar 6.863 


16.714 


V 


300 


17.77 


0.10 


NOT 


Mar 7.002 


16.853 


V 


300 


17.74 


0.04 


D1.5ni 


Mar 7.012 


16.863 


V 


300 


17.81 


0.02 


D1.5m 


Mar 7.863 


17.714 


V 


300 


17.85 


0.08 


NOT 


Mar 8.002 


17.853 


V 


300 


17.92 


0.07 


D1.5m 


Mar 8.006 


17.857 


V 


300 


17.84 


0.07 


D1.5m 


Mar 8.874 


18.725 


V 


300 


18.00 


0.09 


NOT 


Mar 9.008 


18.859 


V 


450 


17.94 


0.04 


D1.5m 


Mar 9.837 


19.688 


V 


300 


18.04 


0.11 


NOT 


Mar 11.004 


20.855 


V 


300 


18.12 


0.07 


D1.5m 


Mar 12.000 


21.851 


V 


200 


18.20 


0.07 


D1.5m 


Mar 12.999 


22.850 


V 


100 


18.24 


0.17 


D1.5m 


Mar 13.859 


23.710 


V 


900 


18.26 


0.06 


NOT 


Mar 13.995 


23.846 


V 


100 


18.29 


0.09 


D1.5m 


Mar 15.992 


25.843 


V 


180 


18.34 


0.12 


D1.5m 


Mar 18.840 


28.691 


V 


900 


18.65 


0.07 


NOT 


Mar 20.852 


30.703 


V 


900 


18.78 


0.06 


NOT 


Feb 21.021 


2.872 


R 


200 


18.00 


0.02 


D1.5m 


Feb 21.025 


2.876 


R 


300 


17.97 


0.09 


D1.5m 


Feb 21.029 


2.880 


R 


300 


17.99 


0.09 


D1.5m 


Feb 21.041 


2.892 


R 


600 


17.99 


0.07 


D1.5m 


Feb 21.057 


2.908 


R 


150 


18.00 


0.08 


D1.5m 


Feb 21.915 


3.766 


R 


900 


17.79 


0.03 


NOT 


Feb 22.026 


3.877 


R 


300 


17.80 


0.04 


D1.5m 


Feb 22.031 


3.882 


R 


300 


17.82 


0.06 


D1.5m 


Feb 22.054 


3.905 


R 


300 


17.81 


0.08 


D1.5m 


Feb 22.898 


4.749 


R 


900 


17.64 


0.03 


NOT 


Feb 23.016 


4.867 


R 


200 


17.62 


0.07 


D1.5m 


Feb 23.019 


4.870 


R 


200 


17.64 


0.08 


D1.5m 


Feb 23.023 


4.874 


R 


200 


17.63 


0.09 


D1.5m 


Feb 23.036 


4.887 


R 


300 


17.61 


0.08 


D1.5m 


Feb 23.041 


4.892 


R 


300 


17.64 


0.09 


D1.5m 


Feb 23.879 


5.730 


R 


250 


17.51 


0.04 


NOT 


Feb 24.036 


5.887 


R 


300 


17.49 


0.10 


D1.5m 


Feb 24.854 


6.705 


R 


300 


17.36 


0.04 


NOT 


Feb 25.036 


6.887 


R 


300 


17.38 


0.05 


D1.5m 


Feb 26.036 


7.887 


R 


300 


17.29 


0.03 


D1.5m 


Feb 27.037 


8.888 


R 


300 


17.25 


0.08 


D1.5m 


Feb 28.035 


9.886 


R 


300 


17.21 


0.02 


D1.5m 


Mar 1.023 


10.874 


R 


200 


17.26 


0.04 


D1.5m 
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ID 


Rest Wavelength 


Observed Wavelength 


Flux 


Redshift 




(A) 


(A) 


(10"'* ergs"' cm"2) 




on 


3727.42 


3853.42 


16 


0.0338 


HyS 


4861.33 


5021.00 


11 


0.0328 


OIII 


4958.91 


5121.76 


16 


0.0328 


om 


5006.84 


5171.18 


46 


0.0328 


Ha 


6563.00 


6778.14 


20 


0.0328 



Table 3. Final corrected light curve estimates. 





U 


V 


R 


Rise time (days) 


6.6 


10.0 


11.0 


Amis (mag) 


2.0 


1.1 


0.90 


Abs. Mag 


-18.95 


-18.65 


-18.68 



Table 1. continued. 



Date 


At 


Pass band 


Exptime 


Magnitude 


Magnitude Error 


Telescope 


(UT) 


(days) 




(s) 








Mar 2.022 


11.873 


R 


200 


17.21 


0.03 


D1.5m 


Mar 2.849 


12.700 


R 


300 


17.22 


0.03 


NOT 


Mar 3.020 


12.871 


R 


200 


17.24 


0.09 


D1.5m 


Mar 4.020 


13.871 


R 


200 


17.26 


0.08 


D1.5m 


Mar 5.022 


14.873 


R 


200 


17.30 


0.18 


D1.5m 


Mar 6.843 


16.694 


R 


300 


17.43 


0.07 


NOT 


Mar 7.016 


16.867 


R 


300 


17.34 


0.06 


D1.5m 


Mar 7.020 


16.871 


R 


200 


17.35 


0.03 


D1.5m 


Mar 7.867 


17.718 


R 


300 


17.43 


0.06 


NOT 


Mar 8.012 


17.863 


R 


300 


17.40 


0.02 


D1.5m 


Mar 8.017 


17.868 


R 


300 


17.43 


0.05 


D1.5m 


Mar 8.848 


18.699 


R 


1500 


17.43 


0.03 


NOT 


Mar 9.841 


19.692 


R 


300 


17.51 


0.07 


NOT 


Mar 10.010 


19.861 


R 


400 


17.47 


0.07 


D1.5m 


Mar 11.009 


20.860 


R 


300 


17.60 


0.03 


D1.5m 


Mar 12.005 


21.856 


R 


400 


17.68 


0.02 


D1.5m 


Mar 13.001 


22.852 


R 


150 


17.76 


0.09 


D1.5m 


Mar 13.872 


23.723 


R 


900 


17.80 


0.04 


NOT 


Mar 13.998 


23.849 


R 


100 


17.79 


0.08 


D1.5m 


Mar 14.000 


23.851 


R 


100 


17.81 


0.06 


D1.5m 


Mar 18.860 


28.711 


R 


900 


18.10 


0.04 


NOT 


Mar 20.866 


30.717 


R 


900 


18.12 


0.04 


NOT 


Mar 27.889 


37.740 


R 


1800 


18.43 


0.04 


NOT 


Mar 28.874 


38.725 


R 


1800 


18.58 


0.03 


NOT 


Mar 29.874 


39.725 


R 


2100 


18.60 


0.03 


NOT 


Mar 31.884 


41.735 


R 


1800 


18.63 


0.08 


NOT 


Apr 07.858 


48.709 


R 


1800 


18.89 


0.05 


NOT 
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Fig.l. 

The U-, V- and /?-band lightcurves of SN2006aj. Dates are given in days after the high-energy burst in the observers frame. The filled circles 
are data from the D1.5m, and the open circles from the NOT (data from Table0. For clarity, we have excluded points for which the errors 
are greater than 0.15 mag when more accurate data were available for the same night. These magnitudes are not corrected for the host galaxy 
contribution, and have not been K-corrected. Corrections for the host galaxy is done in Fig.|5| 
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Fig. 2. 

The flux-calibrated and de-reddened spectra of the emerging supernova. The spectra have been absolute flux-calibrated by comparison to V- 
band photometry. In the Feb. 24 spectrum we note some components of intermediate widths ~ 3000 - 4000 km s"' in the blue part of the 
spectrum. 
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Fig. 3. 

The ugriz-band SED of the XRF060218 host galaxy. The fit shows the best SED fit achieved ix^ jd.o.f = 1.38) when a SMC-like extinction 
law is assumed. This gives Ay = 0.0 mag. 
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Fig. 4. 

Spectral comparison to other GRB SNe, SN 1998bw at 16 days past burst and SN 2003dh at 20 days past burst. Times are in the SN rest 
frames. The spectra of SNe 1998bw and 2003dh have been arbitrarily shifted in flux. They have also been shifted to the redshift of SN2006aj. 
Note that SN 2003dh has an afterglow that adds to the UV part. 
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Fig. 5. 

Comparison of U- and i?-band lightcurves for SN 2006aj and three other Type Ic SNe. SN 1998bw is seen to evolve quite a bit slower, while 
SN 19941 is clearly faster. The best match is with SN2002ap. The lightcurves have been corrected for time dilation and matched at date of 
peak and at maximum brightness. In this plot we have also corrected SN 2006aj for the host galaxy contribution. Note that the final (/-band 
datapoint is uncertain due to a large relative host extinction correction. 
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Fig. 6. 

Four-field diagram representing difi'erent varieties of Supemova-GRBs. There are differences in high-energy properties defining the peak 
energy of the burst, as well as in the optical afterglow appearance. XRF 060218 / SN 2006aj fills in the lower right field of this diagram, as 
XRF with supernova light dominating the early optical transient. 



